ABSTRACT Global consumption of chicken meat has increased at a faster rate than any other animal protein source, and thus refinements in energy formulation techniques for feed have continued to gain importance. Formulation of animal feed based on net energy (NE) has been implemented in ruminants and pigs but not in poultry. A closed-circuit respiratory calorimetry system was employed on 25-to 28-day-old broilers fed 19 diets formulated with varying nutrient composition to produce equations to predict NE and apparent metabolizable energy (AME) efficiency of feed for broiler chickens. Performance, energy and N balance, respiratory quotient, and energy utilization were measured in the birds. Linear regression analysis was performed to generate prediction equations for dietary energy content and AME efficiency. The NE content was positively related to AME and ether extract, but negatively to crude protein. The study generated equations that can accurately predict NE, and NE/AME using AME value and chemical composition of feeds. The NE prediction equations were further validated on a separate set of diets with high correlation (r = 0.99) and accuracy. The outcomes are an important step for the broiler industry to adapt to an NE system in place of AME systems for the formulation of broiler chicken feeds following robust validation experiments.
INTRODUCTION
Energy is a major cost component of broiler feed. In recent years, the energy cost of ingredients has become increasingly variable as a result of increased demand and biofuel production. It is now correlated to energy yielding non-agricultural commodities (Yu et al., 2006; Harri et al., 2009 ). As such, refinements in energy formulation techniques have gained importance. Currently, most broiler feeds are formulated on the basis of apparent or, to an extent, true metabolizable energy, corrected to zero nitrogen retention (AMEn, TMEn). As growing broilers are indeed retaining nitrogen, it has been proposed that correction to 50% nitrogen retention as standard AME (AMEs) may be more representative of the metabolic situation (Cozannet et al., 2010) . Formulation of broiler feed on a net energy (NE) basis may further enhance efficiency and profitability as it accounts for the energy lost as heat or heat increment (HI) evolved during metabolism of nutrients. Resultant formulations may therefore more accurately meet the energy requirement of the bird and thereby reduce over-or underformulation of energy required for production and maintenance. The NE/AME ratio (or efficiency of AME for NE) has been quantified in poultry (Fraps and Carlyle 1942; de Groote 1974; Swick et al., 2013) . In a recent study, the efficiency of AMEn utilization for NE in growing chicks has been determined to be 78, 85, and 68% for carbohydrates, fat, and protein, respectively (Carre et al., 2014) ; the corresponding HI values were then 22, 15, and 32% of AME, respectively. Such results reinforce the justification for proposing an NE system for poultry feeds.
The NE of a feed is equal to its AME minus HI. It can also be described as the energy used for maintenance (i.e., fasting heat production [FHP] ) plus the energy retained in BW gain or as eggs in poultry (Noblet et al., 2010a) . Heat increment is the heat produced by a fed animal in excess of that associated with its FHP, FHP being measured according to different methods or simply estimated from the literature (Noblet et al., 2015; Liu et al., 2017a) . Energy retention can be measured over time directly in carcasses of birds fed a known amount of AME (Carre et al., 2014) . Energy retention can also be determined using indirect calorimetry by measuring gaseous exchange and calculating heat production (HP) by the Brouwer equation (Brouwer 1965; McLean 1972 ), where energy retention is then equal to the difference between AME intake and HP. Net energy of diets thus calculated can be used to generate NE prediction equations with regression models to estimate NE of both diets and ingredients (Fraps 1946; Pirgozliev and Rose 1999) . Overall, NE calculation methods rely on values of FHP (Noblet et al., 2015) . In addition, when determining HP and HI in fed birds, environmental temperature, age and genotype of birds, housing conditions, amount of feed consumed and feed texture (mash vs. pellets) must be accurately controlled or standardized as these factors influence HP and HI (Zhou and Yamamoto 1997; Koh and Macleod 1999) .
Prediction equations estimating HI and NE are based on chemical composition of the diets and/or digestibility of various feed components similar to the way it has been done in pigs (Noblet et al., 1994) . In spite of differences in efficiencies of AME utilization for NE of nutrients, Carre et al. (2014) proposed more sophisticated equations involving digestible CP to AMEn ratio in a linear or quadratic relationships to predict NE in chickens. In other studies, the variation of AME efficiency for NE was not found to be related to feed nutrient composition, e.g., fat, protein, and fiber (Noblet et al., 2010b) . This lack of nutrient effect on energy efficiency may have been due to genetics, environmental conditions, accuracy of HP measurement, number of observations, and limited effect of the diets used in the studies. The accuracy of the measured values may also be questionable as the diets used in the study were nutritionally imbalanced (Liu et al., 2017b) . Literature data can sometimes be conflicting and thus a simple prediction equation for the estimation of NE values of poultry feed ingredients has been desirable through more complete design of the experiment and accurate measurement of gaseous exchange.
The present study was undertaken to generate a prediction equation for NE in fast growing modern broilers fed balanced diets varying in chemical composition. The resulting NE equations were examined for prediction accuracy using a different set of nutritionally balanced or imbalanced diets.
MATERIALS AND METHODS

Birds
The study was approved by the Animal Ethics Committee of the University of New England and designed to follow the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (NHMRC 2013) .
Prior to each calorimetry run (15), 40 male Ross 308 day-old chicks were purchased from a commercial hatchery (Baiada Poultry, Tamworth, NSW, Australia). Chick brooding and rearing conditions followed Ross 308 management guidelines (Aviangen 2014) . Birds were reared in floor pens until 22 d for acclimatization and measurements (Swick et al., 2013 
Experiments and Diets
The starter diet (day 0 to 10) was based on maize, wheat, sorghum, soybean meal, canola meal, meat and bone meal, and canola oil and was pelleted and crumbled. Calculated nutrient content (DM basis) was as follows: 14.1 MJ/kg AMEn, 252 g/kg CP, 14.3 g/kg digestible lysine, 10.6 g/kg digestible methionine + cysteine, 11.8 g/kg Ca, and 5.6 g/kg non-phytate phosphorus (NPP). A common standard grower diet was fed to birds until day 18 and based on wheat, sorghum, canola meal, meat and bone meal, and canola oil in pellet form. Calculated nutrient content (DM basis) was 14.8 MJ/kg AMEn, 247 g/kg CP, 124 g/kg digestible lysine, 9.4 g/kg digestible methionine + cysteine and 9.0 g/kg Ca, and 4.5 g/kg NPP.
Experiment 1 was performed with a single diet, 4 replicates per run with 6 runs conducted for a total of 24 replicates. The first experiment was used to determine NE variation between chambers. Experiment 2 was performed with 16 diets per run and 8 replicate runs and was used to measure the NE content of diets formulated for different nutrient composition. Experiment 3 was performed with 2 diets, 8 replicates each in a single run with 16 chambers. This final experiment was designed to have high and low NE/AMEn diets so that the variation in NE effected by different CP and ether extract (EE) contents of feed could be assessed. Table 1 shows the summarized information of ingredients and nutrient composition of diets used in the 3 experiments. A wide range of pre-analyzed ingredients was chosen to formulate diets varying in the levels of CP, starch, fiber components, lipid, and estimated AMEn. Although the levels of nutrients varied, diets were formulated to meet or exceed the Ross 308 nutrient specifications (Aviangen 2014) for digestible amino acids, essential fatty acids, AME, vitamins and minerals, except 4 diets with imbalanced nutrients used in the validation of prediction equations as described later. Total amino acid content of each ingredient was measured (AOAC 2016) , and the Evonik AminoDat 4.0 standard ileal amino acid digestibility coefficients (SIAAD) were applied to calculate SIAAD levels of diets. 3 All diets containing wheat or wheat by-products were supplemented with xylanases except 1-1. 4 g/kg, unless indicated; digestibility coefficients from AminoDat 4.0 applied to raw materials; dig = digestible.
For the validation of prediction equations, 16 additional diets were used with 12 reported previously (Swick et al., 2013 
Analysis of Diets and Excreta
Feed intake (FI) was measured, and total excreta was collected daily in each calorimetry chamber. Excreta was collected daily, mixed, and weighed after 3 d collections. All the variables were adjusted to a total of 72 h for calculation. Feed and excreta were thoroughly homogenized with subsamples taken for analysis. Feed samples were analyzed per as-is basis and results were expressed on DM basis. Approximately 2 g of diet and 3 g of freeze-dried excreta samples were dried in crucibles in a drying oven at 105
• C for 16 h to determine DM. Excreta was freeze dried to a constant weight for gross energy (GE) and N analysis. Wet excreta DM was calculated by correction for the loss of moisture during both freeze-and oven-drying. Gross energy was analyzed using an adiabatic bomb calorimeter (IKA R Werke, C7000, GMBH and CO., Staufen, Germany). Feed samples were analyzed for CP, EE, crude fiber (CF), ash, neutral detergent fiber (NDF) and acid detergent fiber (ADF) (AOAC 2016), starch (Megazyme Total Starch Kit, Megazyme International Ireland Ltd., Bray, Ireland), free sugars (mono-and disaccharides) (Annison et al., 1996) , total non-starch polysaccharides (NSP), soluble NSP and insoluble NSP (Englyst and Hudson 1987; Theander and Westerlund 1993) .
Respiratory Chambers and Measurements of O 2 Consumption, CO 2 Expiration, and Performance
Closed-circuit calorimetry chambers were similar in design as those described by Farrell (1972) with modifications as described by Swick et al. (2013) . Briefly, the chamber bases were constructed of stainless steel and were 100 cm long × 76 cm high × 70 cm wide and each were equipped with a wire-mesh cage (89 cm long × 60 cm high × 60.5 cm wide) suspended above a removable, stainless steel excreta collection tray. Water was used to seal the chamber by sitting a transparent polycarbonate chamber lid into the trough sited at the top rim of the chamber base. The pressure was controlled using a barometric sensor connected to an electronic switch that activated a solenoid valve to control oxygen release. Temperature and humidity in each chamber were monitored constantly using temperature and humidity sensors with electronic display and memory capabilities. A 28 L/min diaphragm air pump first circulated chamber air through a rubber corkcapped plastic bottle containing 2.0 L of a 320 g/kg KOH solution and a bubbler assembly to absorb CO 2 exhaled by the birds, after which the air was passed through a trap containing 3 kg of dried silica gel to absorb humidity, before being returned to the chamber. Humidity was maintained at less than 70% for the entire run and CO 2 concentrations were maintained at less than 10 mL/L. Medical-grade O 2 was provided by equipping each chamber with a 490-L cylinder fitted with a regulator and a reducing valve to replenish the volume of O 2 consumed in the chamber by the birds.
Oxygen consumption was measured by subtracting the weight of the O 2 cylinder at the end of each run from the weight of the cylinder at the beginning of each run. The density of O 2 (1.331 g/L) at normal temperature and pressure (defined as 20
• C and 101.325 kN/m 2 ) was used for the conversion of weight (g) to volume (L). Subsamples of KOH from each chamber were taken after the solution from each KOH bottle was made up to 2.0 L. The recovery of CO 2 was estimated according to the method described by Annison and White (1961) based on a BaCl 2 precipitation technique. One milliliter of KOH solution was accurately pipetted into a dried and pre-weighed 15 mL centrifuge tube in duplicate. Subsequently, 1.5 mL of NH 4 Cl was added to each tube. The solution was gently swirled and mixed thoroughly. After the addition of 5 mL of BaCl 2 to the tubes, the mixture was centrifuged for 15 min at 2,800 g. The supernatant from each tube was carefully decanted and the carbonate pellet was then resuspended in 5 mL of distilled water, followed by centrifugation for 30 min at 2,800 g. The supernatant was subsequently decanted and the tubes were dried overnight at 105
• C. Finally, tubes were cooled in a desiccator and accurately weighed to record the BaCO 3 recovered from the 1.00 mL aliquot of KOH solution. The CO 2 exhaled by the birds was then calculated by multiplying the weight of BaCO 3 (extrapolated yield from 2 L KOH) by 0.2229 (the molecular weight of CO 2 divided by that of BaCO 3 ). The density of CO 2 (1.842 g/L) at normal temperature and pressure (defined as 20
• C and 101.325 kN/m 2 ) was used for the conversion of weight (g) to volume (L). AME, Total HP, and NE AME was determined by the total collection method previously described by Bourdillon et al. (1990) with modifications. Values were corrected to zero nitrogen retention (AMEn) using 8.22 kcal/g of N (or 34.4 kJ/g) as the correction factor where AMEn was used (Hill and Anderson 1958) . Total HP was calculated for 3 d by measuring O 2 consumption and CO 2 production in sealed chambers as described. Each day during the collection period, the system was suspended for about 2 h for replenishing feed, water, KOH, and silicone gel and for excreta collection. Heat production values were obtained by applying chamber CO 2 and O 2 data to the modified Brouwer equation (Brouwer 1965; McLean 1972 ) by removing methane and N in expired gas from the equation as:
The respiratory quotient (RQ) of the birds was calculated as the ratio of CO 2 volume exhaled to O 2 volume consumed by birds. Heat increment was calculated by subtracting FHP from total HP. The 450 kJ/BW 0.70 FHP estimate of Noblet et al. (2015) was used in the calculations; it corresponds to the asymptotic HP (at zero activity) over a 24 h fasting. NE was calculated as AME intake minus HI divided by feed consumed.
Statistical Analyses
The performance and nitrogen balance data were expressed per bird per day, with FI and FCR reported on a DM basis. Energy balance data were expressed per bird per kg BW 0.70 per day due to the linear correlation between FHP and BW 0.70 of growing broiler chickens (Noblet et al., 2015) . Energy values diets were expressed per kg DM, and energy utilization data were expressed as percent. All data analyses were performed using SAS software, version 9 (SAS Institute Inc., Cary, NC).
PROC GLM was used to determine the effects of: (a) replicate runs in experiment 1; (b) replicate runs and diets in experiment 2; and (c) diets in experiment 3. The model was:
where Y ij is the response expected independent variables, μ is the mean, a i , is the effect of diet, b j is the effect of replicate run, and ε ij is the random error. a i and b j were excluded in experiment 1 and 3, respectively, owing to the lack of such effects. Tukey's range test of 2 separate means was performed to determine the differences between diets in experiment 2. Differences were considered significant at P < 0.05.
PROC CORR procedure was performed to determine the correlations between the nutrients of diets used for regression analysis to produce the NE prediction equation. The diets were formulated to minimize the correlations between the energy-yielding nutrients so that the effect of the nutrients could be established in the regression analysis. PROC CORR procedure was also used to determine the correlation level between the predicted and measured NE values of the diets with balanced and imbalanced nutrients in the validation process.
PROC REG was used for assessing the energy contribution of nutrient compositions to the energy content of diet by multiple linear regression with or without intercept (β 0 ). The regression model was:
where x 1, x 2, . . . . . . x n are the amount of chemical components; β 1, β 2 . . . . . . β n are the partial coefficients of respective chemical components; and is the corresponding random error.
PROC REG was performed to predict energy efficiency and energy contents of diets by their chemical components using stepwise linear regression with an intercept where the significance threshold for inclusion and exclusion of the variables was set to P < 0.10. The regression model was:
RESULTS
Performance, Dietary Characteristics and Energy Balance
The performance data showed that growth of birds in all the 3 trials was above the Ross performance objectives of Ross 2014 (Aviagen 2014). In experiment 1, variability (as RSD) for the measured parameters, HP and AME intake, was low indicating the uniformity of the test system. In experiments 2 and 3, the results showed that diet significantly affected bird performance. Interestingly, AME intakes were not affected, but BW, FI, FCR, daily NE intake, AME/BW gain, and NE/BW gain were affected by diet in experiments 2 and/or 3 (P < 0.05) ( Table 2) . Further, nitrogen (g/bird/d) and energy balances (kJ/kg BW 0.70 /d) in birds were affected by diet (P < 0.001, or 0.01), but not HI and HP. Respiratory quotients averaged 1.029 within the range of 0.975 to 1.090. As expected, diets with higher EE levels resulted in lower RQ relative to those with lower EE levels (data not shown).
As indicated in Table 3 , the measured chemical components (DM basis) of the diets were in agreement with those calculated during formulation. The AMEn means of each diet ranged from 11.66 to 15.02 MJ/kg, CP from 18.5 to 29.9%, EE from 1.6 to 11.1%, starch from 30.4 to 47.2%, and CF from 2.4 to 5.0% (DM basis). The efficiencies of energy utilization of the diets were measured in each experiment (Table 4 ). The efficiency of GE for AME was 73% with the lowest mean being 65% and highest mean being 80%. The energy difference from Abbreviations: ADF, acid detergent fiber; AME, apparent metabolizable energy; AMEn, AME corrected with N retention; AMEs, AME corrected with 50%; CF, crude fiber; CP, crude protein; DM, dry matter; EE, ether extract or fat; GE, gross energy; MJ, megajoules; NDF, neutral detergent fiber; NE, net energy; NSP, non-starch polysaccharides.
1 Mean and range of individual data (n = 135). 2 Range of means per diet (n = 19).
GE to AME is represented as fecal organic dry matter and urinary energy losses of mainly uric acid. The efficiency of AME for NE ranged from 71 to 76% with a mean of 74%. The energy difference between AME and NE was through HI as a result of digestion, metabolism, and activity. Across tested diets, the efficiencies of GE conversion to AMEn were lower than GE to AME and similarly, AMEn to NE were higher than AME to NE due to the correction to zero nitrogen retention. The efficiencies of conversion of GE to AMEs were close to Abbreviations: ADF, acid detergent fiber; CF, crude fiber; CP, crude protein; EE, ether extract or fat; GE, gross energy; AME, apparent metabolizable energy; NDF, neutral detergent fiber; NE, net energy; NS, not significant; NSP, non-starch polysaccharides.
those of GE to AME, and the efficiencies of conversion of AMEs to NE were close to those of AME to NE.
Covariate analysis indicated no differences between experiments for performance or energy partitioning of diets. As such, the data from all 3 experiments were combined for the regression of chemical components. The combination of diets from experiments 1, 2, and 3 was used to perform regression as an objective of the study. Maximum nutrient levels varied between diets to provide enough variation to allow for significant regression analysis and to allow predictions to be used in practical situations. Minimum and maximum nutrient levels are shown in Table 1 . The correlation analysis between chemical components of 19 diets indicated minimal correlations due to unavoidable relationships as shown in Table 4 . As expected, CF was positively correlated to ADF (R = 0.736; P < 0.001), NDF (R = 0.630; P < 0.01), and NSP (R = 0.667; P < 0.01). Interestingly, EE was not correlated with CP or starch but starch was negatively correlated with CP (R = -0.755; P < 0.001). Therefore, regression equations to predict energy using chemical components could be generated.
Prediction of GE, AME, NE and Energy Efficiency by Dietary Nutrients
Linear regression was performed to compute the contributions of each energy yielding chemical component to the energy values of diets (Table 5) . As shown, the coefficients of CP for dietary energy were reduced from 0.239 for GE (SE = 0.003) to 0.129 for AME (SE = 0.017) and further to 0.064 for NE (SE = 0.029), which were 46 and 50% reduction of CP contributions from GE to AME and from AME to NE respectively. Starch also showed slightly reduced coefficients with those for AME being 94% of the coefficients for GE, and further reduction from AME to NE (79%). In contrast, the energy coefficient of EE for AME (0.429) was higher than that for GE (0.393) being 109%. The coefficient of EE for NE remained high at 0.364 being 85% of AME. Similar effects of energy yielding components of diets on AMEn and AMEs are shown in Table 5 . As expected, CP coefficients for AMEn were lower than those for AME and AMEs due to correction for zero N retention.
The development of the prediction equations for dietary energy content and the efficiency values were achieved by stepwise regression against the chemical components and AME values of experimental diets (Tables 6 and 7 ). The results showed that EE positively affected AME/GE, while CP and CF content negatively affected AME/GE. In contrast to the significant effect of multiple variables on AME/GE, only CP and EE showed significant negative and positive effects, respectively, on NE/AME. When AMEn or AMEs was used instead of AME, the effects of nutrients were rather similar.
The effects of EE, starch, and fiber content (CF or NDF and ADF) were significant in the prediction of AME. For NE prediction, AME positively affected NE as expected (Table 7) . Whereas CP was negatively related, EE was positively related to NE estimated by the equation.
Validation of Prediction Equation for NE and Ingredient NE Prediction
Prediction equations for NE were validated with a series of 16 additional diets. Twelve of these were Table 5 . Contributions of diet energy-yielding nutrients (% DM basis) to gross energy, AME, AMEn, AMEs, and NE (MJ/kg DM basis) in broilers. Abbreviations: AME, apparent metabolizable energy; AMEn, AME corrected with N retention; AMEs, AME corrected with 50% N retention; CP, crude protein; DM, dry matter; EE, ether extract or fat; GE, gross energy; MJ, mega joules; NE, net energy; Res, residue; Res1, the organic matter in the diets except CP, EE, starch and free sugars; Res2, Res1 and free sugars; RSD, residual standard deviation.
1 The analysis was performed using linear regression without intercept with means of the measurements on 19 diets. Table 6 . Prediction of efficiencies of GE for AME and AME for NE in broilers (AME/GE, AMEn/GE, AMEs/GE, NE/AME, NE/AMEn; NE/AMEs; %) from diet composition (% DM basis). Abbreviations: AME, apparent metabolizable energy; AMEn, AME corrected forzero N retention; AMEs, AME adjusted corrected for 50% N retention; CF, crudefiber; CP, crude protein; EE, ether extract or fat; GE, gross energy; NE, net energy; RSD, residual standard deviation.
1 From 135 measurements on 19 diets. ADF, acid detergent fiber; AME, apparent metabolizable energy; AMEn, AME corrected for N retention; AMEs, AME corrected for 50% N retention; CF, crude fiber; CP, crude protein; DM, dry matter; EE, ether extract or fat; GE, gross energy; MJ, mega joules; NDF, neutral detergent fiber; NE, net energy; RSD, residual standard deviation.
1 From 135 measurements on 19 diets. 2 Composition is expressed as % of DM.
balanced and had sufficient required nutrients, and 4 of these were imbalanced with poor performance or low RQ indicating low metabolic rate. The NE values of these diets were measured to compare with their predicted NE values using CP and EE as well as AME (Figure 1a ), AMEn (Figure 1 b) , and AMEs (Figure 1c ) values in the prediction equations. The predicted and measured NE values of 12 balanced diets were close, whereas the predicted and measured NE values of 4 imbalanced diets were divergent. Among these 4 imbalanced diets, diet 1202 had high AME (14.06 MJ/kg) and low CP (17.9%) compared to Ross 308 nutrition specifications (Aviagen) with AME of 12.97 MJ/kg and CP of 21.5%. This led to very little growth of the birds (average daily BW gain of 16 g/d) and very poor FCR (5.32). Diet 1212 had Na levels above requirement Figure 1 . Validation of the NE prediction equations by the comparisons between predicted and measured NE values of the 19 diets used for stepwise regression to produce the prediction equations ( ), 12 independent diets with balanced nutrients ( ), and 4 independent diets with imbalanced nutrients ( ) where numbers denoting individual diets. NE of independent diets were predicted using regression equations nos 23, 24, 25 and based on AME (a), AMEn (b), and AMEs (c) together with CP and EE. The measured values were the means obtained by the measurements in the birds fed the corresponding diets with at least 4 replicate measurements in the closed-circuit calorimetry chambers.
(0.35% vs. 0.16% of Ross 308 nutrition specification) that resulted in wet excreta and lower AME intake (1,259 kJ/d/BW 0.70 ), although the daily BW gain (92 g/d) and FCR (1.34) appeared to be normal. Diet 1213 was formulated with excess L-lysine HCl (3.84% vs. Ross 308 nutrition specification of 1.29%) and consequently produced wet excreta, low average daily BW gain (56 g/d) and high FCR (1.95). Diet 1210 had relatively high EE content (10.9%), high CP (25.2% vs. Ross 308 nutrition specification of 21.5%) but low AME (12.18 MJ/kg vs. Ross 308 nutrition specification of 12.97 MJ/kg) leading to low RQ (0.93). However, apparent performance deficiency was not observed in the birds fed this diet with an FI of 151 g/d, BW gain of 107 g/d, and FCR of 1.43.
DISCUSSION
As has been indicted earlier, the performance data showed that growth of birds in all the 3 experiments was as expected. The GE utilization for AME (AME/GE) averaged 73% with a range of 66-80% for the 19 diets used. The range of GE efficiency for AME observed in this study is in agreement with those observed in other studies (Hughes et al., 2001; Carré et al., 2013; Liu et al., 2016) . The AME/GE was found to be positively dependent on EE and starch, and negatively dependent on CP and CF, which is consistent with high digestibilities of EE and starch and poor digestibility of the dietary fiber fraction in broiler chickens; the negative effect of CP is directly dependent on the urinary excretion of absorbed protein in excess of requirements. Nitrogen retention in birds in the current study was also within the expected range (3.1 to 4.0 g, mean 3.5 g) per bird per day. The N retention coefficients were 51 to 71% (mean 62%) and were similar to previously reported values (Ao et al., 2009; Cozannet et al., 2010) . Gross energy contributions from CP, EE, and carbohydrates were consistent with the direct combustion analyses performed using pure products (Kienzle et al., 2001 ) and the prediction equation reported previously , indicating accurate laboratory analyses of dietary GE and proximate analysis. The in vitro and in vivo data collected in this study provide a foundation for the accurate prediction of NE and utilization of AME for NE (NE/AME).
The linear regression prediction of feed AME was achieved using CP, EE, and starch content of the feed. The AME values of these energy yielding components agree with those reported previously (Naber and Touchburn 1969; Sibbald and Kramer 1978; Wiseman et al., 1986; NRC 1994) , further indicating the accuracy of laboratory analyses on GE, CP, EE, and starch of feed and excreta as described above. The extra caloric value of EE demonstrated as the energy efficiency of GE for AME was approximately 109%, being consistent with previous reports in the literature (Mateos and Sell 1980; Pesti and Smith 1984; Murugesan et al., 2013; Cao and Adeola 2015; Poorghasemi et al., 2015) . This has been attributed to improved digestion of other nutrients by additional EE (Mateos and Sell 1980) . While starch GE was utilized as AME to a great extent (94%), the protein AME was only 54% of GE (12.9 MJ/kg/23.9 MJ/kg), likely due to digestive and metabolic losses in the case of excessive CP supply. As has been reported elsewhere and observed in the current study, the CP (or N) retention in a balanced diet for meat chickens is >60% (Ao, et al., 2009 ). This suggests that utilization of protein (or AA) for protein accretion or as energy for maintenance or activities requires relatively more energy compared to EE or starch. The lower AME value for CP of 12.9 MJ/kg obtained in the current study is likely the reflection of what truly occurs in vivo and does not agree with higher CP AME values of 16.1 MJ/kg inferred from previously determined AME prediction equations (Vohra 1966; Leeson and Summers, 2001) .
The NE/AME ratio represents the efficiency of AME utilization for NE. In the current study, the measured ratio in the experimental diets varied between 0.71 and 0.76 and showed the ratio to vary with changes in dietary levels of CP and EE. This is comparable to reported ratios between 0.73 and 0.80 (Carre, et al., 2014) and between 0.74 and 0.76 (Liu, et al., 2017b) . High protein and low EE levels in a diet leads to low utilization of AME for NE, meaning high energy loss as HI. This conclusion in broiler chickens is in agreement with the observation in growing pigs (Noblet, et al., 1994) with overall lower ME/NE in chickens than pig: CP (49.6% vs 58.2%), EE (84.8% vs 89.8%) and starch (78.9% vs 82.3%). Carre, et al. (2014) examined digestible nutrient effects on NE/AME and found consistent AME for NE values as those in the current study: starch, 0.781 (digestible) vs. 0.785 (crude), and fat, 0.849 (digestible) vs. 0.848 (crude). However, the NE/AME values for CP differed between the 2 studies: 0.680 (digestible) vs. 0.518 (crude). This suggests that similar efficiencies between digestible and crude fat or starch may be due to their relatively high digestibility in broilers at the age of the assay (Abdollahi, et al., 2013) , whereas NE/AME efficiency of CP is lower than that of digestible protein. This is likely due to differences in metabolism and heat production between undigested and digested amino acids (Yang, et al., 2008) .
The current study shows that NE for broilers can be predicted from AME, EE, and CP. Both AME and EE increase the value of NE while CP reduces NE. It has been reported by others (Carre, et al., 2014) that in addition to AMEn, CP was positively related to NE. Interestingly, higher AME efficiency for NE of digestible EE than other nutrients was reported in the same study (Carre, et al., 2014) , but the effect of EE in the NE/AME prediction was not observed. Emmans (1994) , however, suggested that CP was negatively related to NE (effective energy) as inferred from the study of Hartel (1977) . Neither study detected effects of dietary EE on NE for chickens. No dietary EE nor CP effects were detected on NE/AME in the initial report of Noblet et al. (2010b) , but later results showed significant EE effects (Noblet, personal communication) . In growing pigs, EE also showed positive and CP showed negative effects on NE in addition to starch and fiber (Noblet et al., 1994) . This agrees with the findings from the current study for EE and CP. Such agreement observed in growing pigs (Noblet et al., 1994) and broilers (this study) suggests the importance of dietary EE and CP as contributory factors to HI of feeding. It is plausible that fiber may not predict NE in broilers as its digestion is limited ) and contribution as an energy source is also limited as shown in this study (2.7 MJ/kg AME and 2.6 MJ/kg NE in contrast to GE 17.5 MJ/kg). In addition, the current prediction equation was developed using diets that contained enzymes (fiber degrading enzymes and phytase). This meant that any anti-nutritive effects of soluble fiber on nutrient digestion and gut health, and perhaps on NE, were minimized. Dietary starch however was found to be correlated to CP (R = -0.755) and less difference between its contribution to AME and NE (16.6 vs. 13.1 MJ/kg), compared to CP (12.9 and 6.4 MJ/kg), may lead to its removal from the equation during the stepwise regression process. In addition, variation in starch levels across diets may not have been large enough to show significant effects. Nevertheless, when the accuracy of the prediction equation was validated in a different set of diets and performance measurements, there was a high degree of accuracy between predicted and measured NE values of diets balanced in nutrients. However, NE values of nutritionally imbalanced diets could not be accurately predicted, presumably due to anomalous metabolic activities in the birds (D'Mello 1994) . This is evidenced by limited FI and growth and high (poor) FCR in some of those diets. It can be concluded that the prediction equations can accurately predict NE or NE/AME values of diets with balanced nutrients and the ingredients used in feed formulation. Further work may to include more variables such as individual fiber, NSPs, or starch components (amylopectin vs. amylose as resistant or rapidly digestible) to explore possible roles of these variables in their contributions to NE utilization efficiency. Furthermore, digestible nutrient contents including AAs may be beneficial for the fine-tuning of NE efficiency in broiler chickens.
The AMEn (Hill and Anderson 1958) has been considered the accepted norm for describing the energy value of commercial poultry feed and ingredients. Correction for N retention is based on data obtained in non-growing adult roosters to allow application of data to growing chickens. However, the accuracy of using AME values corrected to zero nitrogen retention has been controversial (Vohra 1972; Leeson 2007, 2008) . Studies to compare AME values across different genetics, genders, ages, and environments are warranted to investigate how these factors affect the energy values used in formulation. This may be a moving target with continuous improvement of broiler chicken genetics, production management, and dietary energy sources. As growing chickens retain more than half of the nitrogen consumed, the concept of AMEs has been proposed, where N retention is assumed to be 50% N retention (Cozannet et al., 2010) . Equations for prediction of NE using AME, AMEn, and AMEs have been generated in the current study. These are provided in the tables to accommodate the needs of those who may wish to explore the use of AME, AMEn, or AMEn values following robust field validation of NE system. While the NE and NE/AME prediction equations are validated with various diets, the ultimate goal for creating such equations is to predict NE and NE/AME values of feed ingredients possibly for feed formulation. Therefore, it is essential that the equations accurately estimate the NE and NE/AME values in ingredients. According to the prediction equation produced in the current study, we were able to compute the NE values and AME efficiencies for NE of grains, oil, and protein sources commonly used in broiler feed formulation as shown in Table 8 . Grains had NE values in a range of 11.1 to 12.5 MJ/kg with an order of sorghum > corn > wheat. The NE values of protein sources were in a range of 4.8 to 8.9 MJ/kg with an order of meat meal > soybean meal > solvent-extracted canola meal. The NE value of soy oil was 33.8 MJ/kg. The NE/AME ratio was up to 0.89 for oil, 0.72 for canola meal, and 0.80 for grains. Based on the prediction, oil sources had the highest, grains had intermediate, and protein sources had the lowest NE efficiency. This is consistent with previous observations in poultry (de Groote 1974; Carre et al., 2014; Liu et al., 2017b) and pigs (Noblet et al., 1994) . Further, we applied equation 23 in Table 7 to calculate the NE values of corn and soybean meal (shown in Figure 2 ) reported recently in Liu et al. (2017b) . The resultant NE values (in MJ/kg: 12.21, 12.18, 12.08, 13.00, 6.97, and 7.13 ) are close to the measured NE values (in MJ/kg: 12.48, 12.58, 12.38, 13.16, 6.62, and 6.92) , in 2 normal, 1 waxy, and 1 sweet corn and regular and dehulled soybean meal samples, respectively. It is interesting to notice that calculated NE values are all slightly lower for corn samples but higher for soybean meal samples than the measured NE values. We speculate that this may be due to energy utilization differences between growing (present study) and mature chickens used by Liu et al. (2017b) , or the replacement of basal diets by the ingredients in the latter study, which may have led to an imbalance in the nutrient profile of the diets resulting in inaccurate ingredient NE measurements. Nevertheless, the consistency between the ingredient NE values predicted using the equation of this study and reported in the literature suggests that the prediction equations proposed in the current study can be applied to feed formulation once the NE system has been validated in the field and implemented. Table 7 ) produced in the current study ( ). The energy unit of kcal/kg in Liu, et al. (2017b) was converted to MJ/kg by dividing 239. Abbreviations (Liu et al., 2017b): ZD, Zheng Dan 958; XY, Xian Yu 335; WC, waxy corn; SC, sweet corn; RSBM, regular soybean meal; and DSBM, dehulled soybean meal. In conclusion, the relationship between AME, NE, AME for NE, and GE for AME and dietary chemical components including EE, protein, and fiber were determined using balanced diets fed to broiler chickens. Particular emphasis was placed on practical relevance of the experimental design and respective equations to predict energy components from dietary chemical components in ingredients were then generated and validated in closed-circuit calorimetry chambers. Based on the prediction equations, a database of NE values can be easily established according to existing or analyzed ingredient AME, EE, CP, and CF values. In addition, computed NE and NE/AMEn values appear to be appropriate with balanced diets according to the consensus from scattered values estimated or measured by other studies (Fraps and Carlyle 1942; Carre et al., 2014; Liu et al., 2016) . Further validation studies are warranted to assess potential economic benefits of using NE in place of AMEn in commercial feed formulation. These studies will be needed to assess whether the NE system is beneficial in regard to the utilization efficiency of the feed, feed costs for production, broiler growth, uniformity, and carcass quality.
